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1. SCOPE:

This document is intended to explain, in detail, the rationale behind the features and functions of the
AS4074, Linear, Token-passing, Bus (LTPB). The discussions also address the considerations which a
system designer should take into account when designing a system using this bus. Other information
can be found in these related documents:

AIR4271 - Handbook of System Data Cormmunication
AS4290 - Validation Test Plan for AS4074

Introduction:

The AS4074 LTPB is the result of work by the Linear Implementation Task Group (LIT) of the Society of
Automotive Engineers (SAE) Avionics Systems Division (ASD).

The standard was developed to address the peculiar requirements of advanced systems projected for
fielding during the late 1980s and beyond. These applications may be in the areas of avionics systems
as well as ground based vehicles (vetronics) and stationary systems. Among the requirements for
which this bus was developed as a solution are:

- Low Data Latency

- Highly Fault Tolerant

- Distributed Control (data driven systems)

- Quick, independent reconfiguration in the event of a failure
- High throughputs in excess of 50 Mbps

In order to achieve these goals, the task group investigated existing standards, pinpointed potential
problems with these protocols in the areas of real-time system requirements, and proceeded to
address the problem areas with protocol solutions. In some cases, these characteristics of the AS4074
standard seem innocuous. In others, they stand out as areas which require an understanding of the
performance characteristics in order to properly utilize the standard to the full capability in a system.

This handbook is intended to introduce the reader to the AS4074 standard and explain, in detail, the
operation of all facets of the protocol. It seeks to explain the rationale for the specified operation of the
state machine which controls the protocol and offers the user an understanding of how to apply this
data bus as a solution to a systems data communications problem.

Standard Overview:

The AS4074 LTPB standard is organized with a section to provide the user with an understanding of
the operation of the protocol followed by the detailed requirements which result from that operation.
Following a brief discussion of the overall protocol, the Media Interface Unit (MIU) is discussed for both
fiber optic and wire (coax) implementations. Next, the actual frame formats and data field definitions
are discussed, followed by a discussion of station management functions. Detailed protocol
operational characteristics are found in Section 5 of the document, which includes a high level state
transition diagram and state transition descriptions.
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1. (Continued):

This document discusses these topics in much the same order as they are presented in the standard.
In addition, there is a hypothetical system design section in which the various aspects of data bus
design are covered. Some of the topics addressed are: token rotation and token holding timer settings,
station address assignment, and bus test considerations for design activities.

Appendix B allows the user to quickly reference between the AS4074 standard and the handbook and,
conhversely, between the handbook and the standard.

1.1 History of the SAE AS4074 Standard:

As early as 1979, members of the SAE who were involved in advanced aerospace systems
development, recognized the need for high speed system data transfer capabilities. The advent of
MIL-STD-1553 had given the designer a flexible tool for overall system integration; however, it
lacked the speed and flexibility which is necessary for future systems.

SAE A-2K, the predecessor subcommittee for AS-2, was asked by representatives of the
Department of Defense, to develop a standard which would address data communications
requirements for the time frame of 1990 and beyond. Initial calls to industry and government for
inputs to the committee led to the formation of two task groups. These two groups, the High Speed
Data Bus Applications and Requirements Task Group (HART) and the Topology and Protocol Task
Group (TAP) were responsible for developing the requirements for a data bus to integrate these high
performance systems and select an appropriate protocol for development.

As a result of these activities, the subcommittee elected to pursue two related standards. The first,
and the subject of this handbook, is the AS4074 LTPB. The other, discussed in a companion
handbook, is the AS4075 high-speed ring bus (HSRB). Each of these standards offers specific
benefits in areas such as throughput, fault tolerance, and fault isolation. The designer is encouraged
to review the standards in light of his particular requirements and utilize the handbooks as a guide in
the selection and utilization of these standards.

2. PHYSICAL LAYER CONSIDERATIONS:

2.1 Fiber Optic Implementation of AS4074:

2.1.1 Fiber Optic Topologies:

2.1.1.1 Single Central Topologies: Single central networks are characterized by a single point at which
all fiber optic signals are concentrated and are arguably the simplest network for a fiber optic
data bus. As can be seen from Figure 2.1.1.1-1, all stations have fiber connections to this point

which is usually referred to as a "star". Single central networks can be classified as passive
transmissive star networks, passive reflective star networks, and active networks.
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STATION 1 STATION 2 e e BTATION N

FIGURE 2.1.1.1-1 - Star-Coupled Central Network Topology
2.1.1.1  (Continued):

The main concern in passive transmissive networks is received power. The large splitting
(furcation) losses in the passive star limit its usefulness to networks with a small number of
stations. This is because signal power input to the star is divided among the stations; in a 64
station network, for example, each station can expect 1/64th of the power input to the star (that
is, the power out of the star is down 18.1 dB) due to splitting losses. This, coupled with other
system losses, quickly consumes link budget. Figure 2.1.3-4 illustrates an optimistic case for a
64 station system. Notice that, with assumed connector losses of 0.5 dB and a minimum
transmitter output power of 1.75 dBm, only 4.75 dB of margin is achieved. This system would
cease to function with connector losses on the order of 1 dB.

Active star systems can, to an extent, overcome the reduction in station received power due to
splitting (and other) losses. This can be accomplished by the addition of an active device which
amplifies the signal prior to transmission to the receiving station. The active star may simply be a
repeater; in this case the signal is received by the star and amplified before being sent to the
receiving stations. The active star could be a regenerator, in which case the signal is restored to
its original (electrical) form and then retransmitted to the receiving stations. The latter case is
considerably more complicated since the star is operating as a store-and-forward device, Note,
however, that an active star can only recover the loss between the source and the star. Losses
between the star and the receiving station, which may be quite large, must still be considered.

Since active stars must acquire the signal prior to passing it along to the receiving stations, any
change in the signal which occurs during the acquisition process must be restored if the receiver
requires that the received signal be a bit-for-bit duplicate of the transmitted signal. For example, if
the receiver is AC-coupled, some number of preamble bits will be lost during signal acquisition. If
the loss of these preamble bits cannot be tolerated by the system, it will be necessary to restore
these bits prior to retransmission.
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2.1.1.1 (Continued):

Cabling can be a drawback in single central systems since it is necessary to run an individual
cable (containing one or more fibers) from each station to the star. In large networks this may be
difficult to install and maintain. These cable runs may also require many bulkhead penetrations
resulting in a large number of bulkhead connectors and their associated losses. These features
may also make it difficult to add stations to the network.

Another consideration with single central networks is reliability. The single concentrated point for
all cables (signals) means protection for a single central network is some form of redundancy.

Despite these drawbacks, single central networks have proven to be the network-of-choice for a
variety of avionics programs. They feature a well understood initialization (claim token) process,
and offer cost, weight, reliability, and power advantages for applications with few connectors in
the link and relatively short cable lengths. Applications requiring long cable runs and perhaps
numerous bulkhead penetrations, may require a distributed network in which active circuitry must
be used to overcome the enormous losses experienced.

2.1.1.2 Distributed Topologies: We begin by asking ourselves how many degrees of freedom we wish to
have in our generalized topology development process. Here, we will only consider
nonredundant configurations. Also, we are limiting the scope to two-dimensional topologies
(from a mathematical perspective). Obviously two-dimensional constructs can be put into three-
dimensional space (an aircraft). Anything more complex is not likely to be attractive in an
application where size, weight, power, and cost are the name of the game. So, in our two-
dimensional framework, we can readily identify three parameters over which we wish to have
control: the degree of activity (passive [P], hybrid, active [A]), the degree of distributivity
{centralized [C] and distributed [D]), and the level of multiplicity (single [S], dual [D], triple,
multiple [M]). This mentally suggests a building block approach with each block carrying a
unigue three-letter identifier, one for each variable. For illustration purposes, we stack these
blocks to make a "high rise" whose height is limited only by the level of multiplicity we choose.
Figure 2.1.1.2-1 shows this idea. For simplicity, the hybrid block has been left out and all levels
above dual are grouped in the multiple category. The cornerstone is the single central passive
(SCP) star-coupled network, the most elementary topology for a data bus and the baseline for all
HSDB programs and standardization activities. Clearly there must be missing blocks in this
building because "central" (i.e. not distributed) with higher levels of multiplicity is uninteresting at
best, and "single" and "distributed” are contradictory and therefore unrealizable, at least within
the traditional concept of distributed topologies. Physically a SDP topology based on an exotic
star coupler can be conceptualized, but we wish to stay within existing technological bounds.
The DDP and MDP topologies are generally called distributed star-coupled or DISCO buses and
that terminology will be used here and will be expanded to include DDA and MDA topologies.
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FIGURE 2.1.1.2-1 - Distributed Topology "High Rise"

2.1.1.21 Distributed Passive Topologies: Before passing into the world of distributed active topologies,
let us look at Figure 2.1.1.2.1-1 to see how the elementary single central passive (SCP)
network expands in multiplicity and distributivity. In the middle box, the star coupler has been
subdivided in such a way that full connectivity is maintained, but the split stars are distributed
so they coexist with their local cluster of remote terminals (RTs). Note that in the limit, as the
"coupler nodes" get closer to the terminals, and the space between the coupler nodes gets
larger, the amount of optical fiber needed to connect all terminals is reduced by one half. This
is one of the attractive features of this distributed star-coupled (DISCO) bus. Note also that
each coupler node houses two 2x2 (2 input and 2 output port) transmissive star couplers
instead of one 4x4 coupler, and any RT-to-RT signal passes through exactly two 2x2 couplers.
Thus the ideal (splitting only) losses are identical in both cases and there is no theoretical
optical power loss budget penalty. (In practice there is a small penalty because two couplers
will have more excess loss than one regardless of size.) Finally, if the coupler nodes are
together in one box, this is the uninteresting DCP case.
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21.1.2.1 (Continued):

The DISCQO bus concept of distributivity can now be expanded indefinitely. In the lower box of
Figure 2.1.1.2.1-1, there are four coupler nodes (M=4) so this is a 4DP topology. If symmetrical
(NxN) star couplers are used, the number of terminals which can be served by the network is
N2 (16 here) and the ideal link losses are the same as those for the SCP topology with a 16x16
star coupler. This is also called a fully-connected network. There are no passive redundant
paths, but if one takes advantage of the intelligence resident in the RTs, a fault-tolerant network
cah be constructed by virtue of multiplicity of paths available via the remote terminals. The
lower illustration is called "ring-configured" because it can be laid out as a physical ring as is
illustrated in more detail in Figure 2.1.1.2.1-2. From a practical standpoint, this fully-connected
hetwork is hot as awkward as some believe. The number of inputs and outputs at each coupler
hode is less than one half that for the SCP network, and the harnesses connecting coupler
nodes in the ring can be configured so they are identical (except for length perhaps) making
their fabrication quite straightforward. These principles apply equally well to the active
configurations and should be kept in mind when trading options.

2.1.1.2.2 Distributed Active Topologies: Now, the same methodology will be used to develop basic
distributed active topologies. Figure 2.1.1.2.2-1 is analogous to Figure 2.1.1.2.1-1. The top
box shows the single central active (SCA) star coupler serving four terminals. In effect, the
passive star coupler has been split in the middle and a receiverftransmitter "gain block" added.
The optical combiner (£) and distributor {(A) functions could be 4x1 and 1x4 star couplers,
respectively, or some other device or scheme which provides the same function. The R
triangle is the optical receiver; the T box is the optical transmitter. This is the most elementary
fiber-optic active star coupler possible and may have to be more complex after all system
issues are considered.

The dual central active (DCA) topology is shown in the middle box of Figure 2.1.1.2.2-1. The
number of transmitters and receivers has doubled, and the OR gates are included to illustrate
the practical aspects of combining logic level signals. The two OR gates are actually
redundant, but are shown symmetrically as they are to develop the distributive possibilities. It is
worth noting that the optical combiner and distributor functions could be outside of the dashed
lines if they are discrete devices such as 1xN and Nx1 star couplers.
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FIGURE 2.1.1.2.1-2 - A Four-Coupler-Node Passive DISCO Bus

2.1.1.2.2 (Continued):

In the lower box of Figure 2.1.1.2.2-1, the dual centralized active star coupler is now distributed
to become a DDA topology. The coupler in the middle box is split vertically along the axis of
symmetry and distributed. In so doing, electrical wires were cut, not optical fibers, so the two
active star couplers must be linked by a transmitter/receiver pair, one for each direction. This
configuration is analogous to the middle box in Figure 2.1.1.2.2-1. We must now continue to
expand this concept, as we did for the passive case, to achieve multiple distributed active
(MDA) topologies. In so doing, we will find it convenient to call each of the structures within the
DDA dashed boxes of Figure 2.1.1.2.2-1 a "unit cell" because it will continue to show up in
most distributed active configurations. The illustration at the top of Figure 2.1.1.2.2-2 is just
that. The unit cell (UC) parameters listed will be defined shortly, after the unit cell has been
completely generalized.
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21.1.2.2 (Continued):

Ve find that we can proceed along a humber of paths to further develop a family of distributed
active configurations. In a manner like that done above with the passive networks, we begin by
defining the active DISCO bus shown in the lower left of Figure 2.1.1.2.2-2. The basic unit cell
now replaces the passive coupler node, and depending on the size of the network, the unit cell
must expand beyond the basic cell shown in Figure 2.1.1.2.2-1. Specifically, the active DISCO
unit cell in Figure 2.1.1.2.2-2 has been purposely shown "star-configured" for reasons that will
sooh becorme obvious. We can exploit the star-like topologies by first adding a third unit cell
between the two shown at the top of Figure 2.1.1.2.2-2, and connected to the others in the
same way. The center unit cell will be different than the "concentrators” at the remote terminal
clusters depending on the number of terminals in a cluster. But how we can keep adding
conhcentrators and feeding them into the central unit cell "star." We will call this configuration
the "star-concentrator” topology. The illustration at the lower right of Figure 2.1.1.2.2-2 shows
four concentrators and one star. The single central star can be passive or active, and if passive
this is actually a hybrid configuration since there are both passive and active distribution
elements in the network. Note the similarity between DISCO and star-concentrator topologies.
The star-concentrator trades off fiber-optic interconnection simplicity for the added risk of one
additional passive or active star coupler at the center which becomes a classic single point of
failure we are trying to avoid by going to distributed configurations. Additional study of this
issue is clearly warranted.

Next, we are tempted to keep cascading unit cells of some kind with those shown in Figure
2.1.1.2.2-2. When we added one, we used the middle one in a single central star coupler to
create a two-dimensional structure. If, instead, we expand one-dimensionally, we create a new
class of configurations that are not strictly star-like. Therefore, we refer to this class as "trunk"
topologies, as shown in Figure 2.1.1.2.2-3. At the left is the active-active trunk, named
because a sighal must keep passing through the active cells to get to the destination. A unigue
characteristic of this topology is the theoretical unlimited extent to which the trunk can be
expanded. (There are practical limits, of course, which must be explored.) Finally, this one-
dimensional distributivity can be carried another step. As shown in Figure 2.1.1.2.2-3, the unit
cells in the active-active trunk are replaced with passive trunk taps, while the unit cells are
moved out of the way to act as concentrators for the clusters served by each passive trunk tap.
Because of the mix of passive and active distribution elements, this is called an active-passive
trunk configuration. From the point-of-view of optical fiber technology, this configuration must
be viewed skeptically because of the difficulty implementing passive taps with optical fiber.
However, the topology is obviously attractive for aircraft applications, and several
manufacturers have developed passive in-line tap technology in the laboratory.

All possibilities have not been exhausted, but nearly anything else will be a variation on one of
the themes presented such as some exotic hybrid configuration. The next step is to look into

the mysterious unit cell to see from what it is made and how many unit cells are needed for all
of the topologies presented.
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2.1.1.2.3 Universal Unit Cell: By studying the circuit requirements for all the active unit cells described,
one finds that all configurations can be implemented with one unit cell logic block that is
remarkably simple, highly symmetric, and requiring only two mode bits to select three states for
all topologies. Figure 2.1.1.2.3-1 illustrates the "universal" unit cell. As simple as it is, the
active-active trunk topology actually makes the logic block as complicated as it is because
there must be three transmitters and receivers as a minimum. For universal use, the number of
optical inputs and outputs required varies depending on configuration. The integers L, M, and
N in the figure are those values. If the number of terminals in a cluster served by a unit cell
exceeds the capacity of an individual receiver and/or transmitter, additional devices are added
and their logic level (electrical) inputs and/or outputs are appropriately combined before
cohnecting to the logic block shown in Figure 2.1.1.2.3-1. Generally receiver outputs are ORed
and transmitter inputs are tied directly together only requiring an adequate fan out from the
logic block. Figure 2.1.1.2.3-1 was drawn specifically with the active-active trunk
(Figure 2.1.1.2.2-3) in mind. Here L is as required, and M=N=1. Figure 2.1.1.2.3-2 is an
alternative representation giving it a more "universal" look. V and W are the binary mode select
control lines. To use the universal unit cell, select decimal values of L, M, and N, and binary
values V and W according to Table 2.1.1.2.3-1 for the configuration desired. If the dual central
configuration is excluded, only one mode select line is needed. The "L" channel is only used
for the active-active trunk and one version (C2) of the active-passive trunk. With these there
must be at least three transmitter and receiver channels, although two of the three only have
one optical input and output on the trunk channels. The two types of active DISCO buses (A
and B) and six types of active-passive trunks (A through E) are described in the following
sections.

Documents

Document Sharing Hub

Full document details: SAE AIR4288A


http://avadocuments2026.com/doc/sae-air4288a
http://avadocuments2026.com/doc/sae-air4288a

SAE AIR4288A Page 20 of 210

TABLE 2.1.1.2.3-1 - Universal Unit Cell Implementation Table

CLASS TOPOLOGY TYPE NO. OF TX TO RX
REPEATERS LINKS
SCA SINGLE CENTRAL - 1 2
DCA DUAL CENTRAL - 1 2
DDA DUAL DISTRIBUTED A 10R2 | 20R3 |
B 2 a
DISCO A 10R2 20R3
B 2 3
STAR- PASSIVE STAR 2 3
MDA CONCENTRATOR
ACTIVE STAR 3 4
ACTIVE-ACTIVE - 1,2,.., K 2.3,..,.K+1
ACTIVE-P. E
CTIVE-PASSIV
TRUNKS AB 2 3
C1,€2,D 10R2 20R3
E* 2.3,.,. K 3.4...., Ke1

K = NO. OF UNIT CELLS USED
* = FOR TWO OR MORE NODES

2.1.1.2.3 (Continued):

Finally, the expandability of the unit cell, touched on earlier, and additional circuit requirements
need to be discussed. Any channel that serves more terminals than can be handled by a single
receiver or transmitter must have additional units per channel (L, M, or N) added as required.
The way they are connected is shown in Figure 2.1.1.2.4-1. Note that if clock recovery and
retiming (a clock recovery unit or CRU) is required in the active star coupler unit cell, and
multiple receivers are needed per channel, there must be a CRU for each receiver in that
channel, as shown. Also additional circuits may be needed to prevent a receiver from locking-
up in the "one" state during an intertransmission gap thereby preventing any other receiver's
output from being retransmitted. This is serious if there is no CRU because some CRU circuits
can tolerate this situation. A more serious and likely case is the chattering receiver. The gain
is so high on these devices that, in the absence of an input signal, such as during the
intertransmission gap, the data detector (comparator) may trigger on noise and chatter. That
may spoil a transmission even with clock recovery thereby disabling the entire data bus. A
similar requirement is imposed on the transmitters to prevent "blabbing" in the event of a
component failure. In distributed configurations, this is especially important since a component
failure in a terminal cluster served by a unit cell may crash that cluster, but must not crash the
entire bus, that is, the remaining clusters and active star coupler unit cells.
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2.1.1.2.4 Single Central Active (SCA) Star Coupler: Figure 2.1.1.2.4-1 illustrates the SCA unit cell with
and without expansion provisions for large numbers of terminals (>M). Itis the direct
replacement for the passive star coupler and the least complex of active implementations.
Since all messages from all terminals sum to a single electrical path internal to the unit cell,
initialization is expected to be as predictable as it is for the passive star-coupled bus. Of all the
active star coupler implementations, this one is the least likely to require clock recovery and
retiming circuitry. With a single receiver implementation, antilockup circuits are not required
and some low-rate receiver chatter is allowed. With multiple receivers, antilockup is required
and no chatter can be tolerated. Depending on the number of terminals served by the single
central active star coupler, multiple transmitters/distributors may be required to satisfy link
budget requirements. Finally, the SCA star coupler is a single point of failure to the network, as
is the passive star coupler.

INPUT SIDE OUTPUT SIDE

" PATH FOR SINGLE
CENTRAL ACTIVE STAR (SCA)

> {B>—chul- Hil-®&—

- . OPTIONAL - .
.Im'l’ A‘ REQUIRED REPEAT AS REQUIRED

FIGURE 2.1.1.2.4-1 - Expansion and Completion of the Active Universal Cell Set
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2.1.1.2.5 Distributed Star-Coupled (DISCO) Unit Cell: Figure 2.1.1.2.5-1 illustrates two implementations
of a DISCO bus unit cell. Type A (see Table 2.1.1.2.3-1) conforms to the original concept
introduced in 2.1.1.2.2. Type B utilizes passive star couplers to perform the local terminal
loopback function optically rather than electrically as in Type A. There does not seem to be any
advantage to the Type B implementation. However, Type A must have an antiblab circuit on
the transmitter serving the network. Generally, networks of this type have increased fault
tolerance although reliability is a sensitive function of the degree of fault tolerance employed.
There are always two unit cells between any two terminals, so the requirement for retiming in
the unit cell must be carefully considered. All messages follow different paths with different
delay and optical attenuation, so receiver performance must be factored into bus design and
the differential delay must be compatible with restrictions imposed by the protocol. Initialization
may be more difficult to analyze due to the multiple paths, delays, and attenuations. Finally,
fiber-optic interconnections may be more complex resulting in difficulties in maintenance in a
large installation. As was pointed out in 2.1.1.2.2, this may be mitigated by incorporating a
"standardized" harness to interconnect unit cells.

TYPE A UNIT CELL
e mmm e e e e e e e S e e m e m o
(7l (] TO ALL OTHER
FROM LOCAL | R T UNIT CELL
TERMINAL I RECEIVERS
TRANSMITTERS

RECEIVERS e e e e T N M 3 RECEIVERS
TYPE B
. r—-—=—=-"=====- w = T Leo
)—/J—-( :)-— R X M = No.of Local Terminsis
: >— T e : 5 ::'::.dUnllCdll
O <®&r A

FIGURE 2.1.1.2.5-1 - Active DISCO Bus Unit Cell Implementation
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2.1.1.2.6 Star-Concentrator Unit Cell: The star-concentrator configuration consists of as many
concentrators as needed to serve all terminal clusters plus a single central active or passive
star coupler tying the concentrators together. Figure 2.1.1.2.6-1 illustrates the concentrator
unit cell and its connections to local terminals and a passive star coupler. All concentrators
have only one optical input and output on the network side, and as many as are required on the
local terminal side. Receiver antilockup and transmitter antiblab circuits are required to prevent
crashing the entire network if a problem arises in the local terminals or its concentrator.
Whether an active or passive star is used depends on the number of concentrators employed
and the network optical power budget. Since all messages pass through the single central star,
it is a single point of failure and thus has the same fault tolerance liability as does the SCA
configuration. For the same number of terminals, the star coupler in the star-concentrator
topology is smaller than a single central star coupler. This has practical benefits in terms of the
number of inputs and outputs, and the size of the connector(s) needed to implement the star

coupler.
CONCENTRATOR UNIT CELL
r-—-——~-~-~"=-—=—-—==-=-- Net |
wik
m.lf":“(, D—i>— T ’
PROM }
TEmanaLs ¥ i
y g (:) T R 1
| |
| R-LOCK-UP ANTI TX-BLAS '
CWCUITS
. _ - Y - J
L=0O
M = NO.OF LOCAL TERMINALS
N =1
V= W=0

FIGURE 2.1.1.2.6-1 - Star-Concentrator Cell Unit Implementation

For the SCA topology, the initialization process is relatively easy to analyze here because all
signals pass through a single "thread," as it were. With an active central star coupler, all
signals pass through three cascaded stages of amplification, thus the retiming issue must be
carefully considered. With a passive central star coupler, only two repeater stages are used,
but the optical power budget may not be satisfied. An analysis of the network in a specific
application must be conducted to determine the best technical approach.
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2.1.1.2.7 Active-Active Trunk Unit Cell: This is the most complex of the unit cells and drives the
complexity of the universal unit cell (2.1.1.2.3). This is because there must be at least three
receivers and transmitters as shown in Figure 2.1.1.2.7-1. The number could increase if more
are needed to serve a local terminal cluster. Note that two of the three receivers and
transmitters have only one input or output; they serve the trunk.

The obvious advantage of this network is the minimal amount of cabling needed. If the clusters
of local terminals are closely spaced and adjacent to the unit cell, the only interconnect of
consequence is the cable pair connecting unit cells. This could be a significant advantage for
large installations. Furthermore, the network is easy to expand off the ends. Only two cables
need to be connected to an existing unit cell. Remember, though, that this is not a ring network
and the trunk cannot be looped in a ring and closed. It will simply oscillate at a frequency
related to the length of the ring. The large number of repeaters that are possible, and the way
they simply connect, means very large optical power link margins (allowed loss budget minus
all losses) can be achieved. Care must be exercised, however, to ensure that in the best case,
receiver saturation or overload does not occur. This topology may only be practical if high link
losses between unit cells can be guaranteed.

FROM LOCAL TERMINAL
TRANSMITTERS

TO LOCAL TERMINAL
RECEIVERS

FIGURE 2.1.1.2.7-1 - Active-Active Trunk Unit Cell Implementation
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21.1.27 (Continued):

Note that there is no single point of failure in this network, but the failure of a unit cell node is
likely to create two separate networks which cannot communicate. This can be an important
fault tolerance feature, or it may be disastrous depending on specific configuration features.
Another potential disadvantage lies in the ability to expand the network so readily. If the
number of repeaters is too large, the signal distortion buildup may force the designer to retime
the signal in each unit cell. This will add significant throughput delay for the longest paths and
create large differential delays for all signals. This may have a significant impact on overall bus
performance including the possibility of failing to fall within the protocol timing boundaries. This
effect must be carefully considered.

Finally, the initialization behavior of this network is complex and exceedingly difficult to analyze
because of the wide range of values of the parameters that are important in this process.

2.1.1.2.8 Active-Passive Trunk Options: An entire family of active-passive trunk configurations can be
constructed depending on the technology used to implement the passive trunk taps. Three tap
options will be presented and some of their features discussed. Six unit cells are needed to
cover all cases, but they can be implemented with the universal unit cell described in 2.1.1.2.3
and itemized in Table 2.1.1.2.3-1.

Some general features of the three variations of active-passive trunk topologies are given next.
The trunk configuration is attractive for large aircraft. (This includes the active-active trunk,
too.) Because the trunk coupleris passive, a failure in a terminal cluster or its unit cell does not
mean the network will be subdivided. Compare this result with the active-active trunk case.
This is an important plus for the topology. Of course, low-loss tap or access couplers must be
used for this network to work. The technology is relatively undeveloped so risk is much higher
here than it is with any other topology presented so far. At least two companies are actively
developing this technology for the commercial aircraft industry. Whether their development is
suitable for the military aircraft environment is yet to be determined. In any event, the
technology just does not allow moderate to large link margins to exist. This may jeopardize the
utility of the technology for high-speed data bus applications because of the lower optical
power budget available at high data rates, and low link margins.

Again, initialization is difficult to analyze with several of the implementations because of the
large optical signal range the receivers must handle. The size of the network determines the
degree of difficulty in analyzing this problem.

2.1.1.2.8.1 Type A and B Active-Passive Trunk Unit Cells: The tap used in this implementation is the
kind currently being developed for commercial applications and may be the most likely to be
usable here. It uses optical fibers of different sizes which are specially prepared and
permanently attached to the trunk fiber at predetermined locations. The result is a very low
trunk throughput loss which is absolutely essential if more than a few taps are used.
However, the tap-on losses are moderate and tap-off losses quite high, and this is where the
problem lies.
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FIGURE 2.1.1.2.8.1-1 - Type A and B Unit Cell Implementation
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21.1.2.81 (Continued):

Figure 2.1.1.2.8.1-1 illustrates this bus with two applicable types of unit cells we call Type A
and B. Both an eastbound and westbound trunk are needed to serve all terminals on the bus
so there are two passive access couplers serving each unit cell. Loopback for local terminal
service must occur on the bus at the taps or there will be difficulties. There are two unit cell
options available with the choice depending on optical power budget considerations mostly.
Type A uses separate transmitters and receivers for eastbound and westbound traffic,
whereas Type B uses only one of each to get on and off the bus and relies on a simple 2:1
optical combiner and divider to make two-way traffic possible. The number of local terminal
receivers and transmitters is determined by the humber of terminals served in the cluster as it
is for all other active star coupler unit cells. Antilockup and antiblab circuits are needed as
before to keep the network up if there is a local terminal or unit cell difficulty.

2.1.1.2.8.2 Type C and D Active-Passive Trunk Unit Cells: The tap used with these unit cells is
hypothetical although the technology described in the previous section is applicable.
Effectively, each tap consists of two single taps spliced back-to-back which insert and extract
signals from the bus in the reverse order from that discussed above. Again an eastbound
and westbound trunk is required which is never closed (ho ring must be created). The
greatest difference is local terminal loopback cannot occur on the bus and must be done
inside the unit cell. This is an advantage in that local service can be preserved in the event of
a bus or tap failure. Of course, one must trade the risk of tap failure against unit cell failure to
determine the value of this approach. The Type C unit cells use multiple transmitters and
receivers to access the bus; Type C1 is illustrated in Figure 2.1.1.2.8.2-1. Type C2is
identical to the active-active trunk unit cell shown in Figure 2.1.1.2.7-1, but is obviously
applied differently. As before, antilockup and antiblab circuits are needed. Type D uses a
single transmitter and receiver, and a 2:1 combiner and divider, like Type B, to access
eastbound and westbound traffic.

2.1.1.2.8.3 Type E Active-Passive Trunk Unit Cell: Figure 2.1.1.2.8.3-1 shows the last variation on the
active-passive trunk configuration. A simple tap is used to access the bus. There are
eastbound and westbound "lanes" as before, but the loopback must be provided by
connecting the appropriate end of the eastbound and westbound lanes together. An optional
repeater may be needed at the union making the loopback an electrical process. Optional
repeater unit cells can be used along the trunk to maintain a specified power level
everywhere. This applies to the other tap trunk methods as well.

The unit cell serving local terminal clusters is identical to the star-concentrator unit cell and is
the simplest. Only one transmitter and receiver is needed to access the bus, and no internal
loopback is necessary since it is provided by the bus. As usual, antilockup and antibabble
circuits are required.

2.1.1.2.9 Unusable Implementations: There are several subtle variations on the configurations
discussed above that appear to have merit, enough so that all appeared in the open literature

at one time, but for reasons which will be discussed, can get the data bus designer into deep
trouble.
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21.1.29 (Continued):

Figure 2.1.1.2.9-1 is the first of these. The unit cell is the elementary active star coupler shown
in the middle of Figure 2.1.1.2.2-1 for the DCA topology with only one input and output per
receiver and transmitter. The network is created by tying the unit cell to conveniently located
passive star couplers, as shown, where the number of input and output ports is one greater
than the number of terminals. Loopback for each set of terminals (left and right) is provided by
the passive star coupler, thus the left and right terminals do not have an active star coupler in
their part of the network. The DCA unit cell is intended to provide gain for sighals passing from
left to right and right to left. However, there is a serious flaw in this design.

There is a feedback path through both passive star couplers that connect the active star inputs
to the outputs. The result will be an oscillator with frequency determined by the loop path
length. Removing the OR gates and replacing them with straight wires does not help. A smart
lock-out logic circuit that only lets traffic flow in one direction could be added, but is more
complex than can be justified for the purpose intended. This circuit should be avoided!

Note that the problem goes away if the M+1 and N+1 passive star couplers are each replaced
by two passive stars acting as Mx1 or Nx1 combiners and distributors. However this is just a
variation on the DCA topology of Figure 2.1.1.2.2-1 with the combiner and distributor outside of
the unit cell.

Figure 2.1.1.2.9-2 shows three active-passive trunk variations seen in the literature that have
implementation problems. On the left, the M+1 passive star coupler is employed to simplify the
"unit cell" and provide passive loopback for local terminals, like before. However, the U-shaped
tap provides loopback too, and so this link will oscillate at a quite predictable frequency. If a Y-
shaped tap is used, like the one on the eastbound lane of traffic, there will be an echo signal
produced on the eastbound traffic which will increase intersymbol interference and possibly
prevent bus operation. A similar situation exists with the "unit cell" shown on the right in Figure
2.1.1.2.9-2. Loopback is provided twice, internal to the unit cell and in both traffic lanes on the
bus. This will create echo at the local terminals and result in intersymbol interference which
may shut down the bus or at least the local terminals. Again, these configurations must be
avoided.

Documents

Full document details: SAE AIR4288A


http://avadocuments2026.com/doc/sae-air4288a
http://avadocuments2026.com/doc/sae-air4288a

Page 32 of 210

AIR4288A

SAE

- —==- 1
e ' oo | (vaa)
, oot | TI3M SV AD010dOL (vaa
LHVIS JALLOV QILNBIHLSIA VN
le = @.. - 01 §3rddy
(==Y==1
| s3um !

U009 Id13HON |  yeiviis | #31dN00
s .Pm §m<& . - E‘._vﬂ w>-wm<ﬂ
1ndINO OGNV LNdN ANALNO OGNV 1NndNI

N - ———_ — - —-— - - = T

1

SHIAIZO3Y Lo m e = 4 |

OGNV e - e e - - - — — —~ .
SHILLINSNVHL
TYNINYAL HOLVYTHOSO

SH3AIZOIH
OGNV
SHUILLINSNVHL

TVNINHIL
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2.1.1.2.10 Summary: Based only on their merits from the viewpoint of utility in a fiber-optic serial high-
speed data bus, the single central, DISCO, star-concentrator, and active-active trunk are the
most viable. This view may change when they are "installed" in an aircraft. The active-active
trunk, though, has the liability of potentially having too many cascaded repeater stages since
there is no maximum. Care must be exercised with this configuration.

Table 2.1.1.2.10-1 summarizes the active topologies introduced here in terms of the number of
repeaters in a network, and the number of links between any transmitter and receiver. From

the retiming and initialization issues standpoint, this should be as low as possible, so the active
star-concentrator and active-active trunk may be pushing limits of practicability. Clearly, a more
thorough analysis is required before any conclusions are reached.

TABLE 2.1.1.2.10-1 - Active Topology Repeater and Link Count

CLASS TOPOLOGY TYPE NO. OF TX TO RX
REPEATERS LINKS
SCA SINGLE CENTRAL - 1 2
DCA DUAL CENTRAL - 1 2
DDA DUAL DISTRIBUTED A 10R2 20R3 |
B 2 3
DISCO A 10R2 20R3
B 2 3
STAR- PASSIVE STAR 2 3
MDA CONCENTRATOR
ACTIVE STAR 3 4
ACTIVE-ACTIVE . 1,2,..., K 2,3,....K+1
TRUNKS
ACTIVE-PASSIVE
TRUNKS A, B 2 8
C1,C2,D 10R2 20R3
E* 23,..., K 34,..., K+1
K = NO. OF UNIT CELLS USED
* = FOR TWO OR MORE NODES
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2.1.2 Fiber Optic Technology: This section is an overview of fiber-optic component technology from
aspects other than behavior in a radiation environment. The components considered are optical
fiber and cable, optical connectors, sources and detectors, and those which have special
application to this data bus.

2.1.2.1 Optical Fiber and Cable: A fiber-optic cable is defined as an optical fiber which has been suitably
buffered, strengthened, and jacketed to be useful in an application. A typical optical fiber is .006
inch in diameter (140 micrometers); a cable ready for installation, about 0.1 inch (2.5 mm). When
terminated with optical connectors, the structure is referred to as a terminated cable, cable
segment, or interconnect segment. A cable run consists of concatenated cable segments which
provide a communication channel between other fiber-optic components such as a transmitter
and access coupler or receiver. A complete communication channel from transmitter to receiver
is usually called a fiber-optic data link. These terms will be used often in the remainder of this
discussion.

An ideal fiber-optic cable would have low loss and adequate bandwidth at the wavelength of
interest, and retain these properties throughout the operating environment, and over the lifetime
of the system. Obviously, a bare optical fiber will have to have considerable protection to achieve
that goal. In this section, the characteristics of a suitable aerospace cable will be discussed.

Characteristics - The required characteristics can be subdivided into optical and mechanical
ones. The optical properties are usually stated for room temperature operation without forces
applied. Since there is an interaction between the optical properties and the mechanical forces,
limits have to be applied to variations expected under all operating conditions. The optical
performance of the bare fiber and the jacketed fiber (the fiber-optic cable) is not necessarily the
same. Since only the fiber-optic cable will be used by a manufacturer for installation, the optical
properties must be specified for that configuration.

Earlier it was stated that the ideal cable had low and fixed loss and sufficient bandwidth at the
wavelength(s) of interest. A minimum specification thus calls out loss or attenuation per unit
length, the fiber bandwidth, and the wavelength at which these values are valid. Other optical
parameters which are usually stated include the fiber's numerical aperture or angle of
acceptance of light, and the index of refraction profile of the fiber's core (the waveguide portion of
the structure).

The mechanical properties generally consist of the dimensions and materials for all components
of the cable, and the strength properties of the bare fiber, the cable's strength member, and the
cable's outer jacket. This is usually sufficient to characterize the cable for procurement purposes
provided there is sufficient test data to justify the selection of component materials.

Some additional comments regarding fiber bandwidth, attenuation as a function of mechanical
stress, static fatigue, and high temperature operation follow.
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2.1.21 (Continued):

Bandwidth - Fiber "bandwidth” is usually specified in units of MHz-km, that is as a product of
bandwidth and length. This means that the longer the fiber, the narrower the bandwidth of that
run. For example, a 100 MHz-km fiber has, in principle, a bandwidth of 100 MHz for 1km,

1000 MHz for 100 meters, and 10 GHz for 10 meters. For a data bus installation of less than 10
meters long for a complete link (transmitter to receiver), it does not appear necessary to be
overly concerned over the bandwidth specification of an optical fiber for this application. That is
not necessarily the case, however.

The factor which determines a fiber's (frequency domain) bandwidth is called dispersion in the
time domain and has units of time per length such as nanoseconds per kilometer. There are two
kinds of dispersion: modal and chromatic. Modal dispersion arises because different light rays
follow different paths in multimode fiber. Chromatic dispersion is a result of different wavelengths
of light (different colors) traveling at different speeds in the fiber. Manufacturers of multimode
optical fiber generally specify bandwidth for a zero-linewidth optical source thus avoiding any
reference to the effect chromatic dispersion may have on the net bandwidth. Since most data
bus and network applications use light-emitting diodes which have relatively wide spectral
outputs (typically 50 to 150 nanometers), chromatic dispersion may not be negligible. It is
recommended that total fiber dispersion be used to specify an optical fiber for any application.
For multimode fiber which behaves as a gaussian low-pass filter, the total dispersion is the root-
sum-squared of the modal and chromatic dispersion factors:

At = J(Atc)2+(Atm)2

where Af; is the total fiber dispersion, At is the chromatic dispersion and At,, is the modal
dispersion, with all terms having units of seconds. Furthermore, the total dispersion which is
actually found in a fiber is not linear with length of the fiber and is sensitive to the manner in
which the light from a source is coupled to the fiber (the launch conditions). Therefore, the total
fiber dispersion should be specified for the maximum length expected in the application. Here is
an example for a data bus application. For a 100 micrometer core fiber at 850 nanometers, the
modal dispersion is about 1 nanosecond after 100 meters. The chromatic dispersion is about 0.1
nanoseconds per nanometer per kilometer; so for 100 meters and the 50 nanometer spectral
width source, this term contributes 0.5 nanosecond. The total dispersion is:

At = J(1)°+(0.5)° = 1.1 ns

This quantity can be thought of as the rise time of the fiber to a step input of light, analogous to
the response of a single pole filter or amplifier. It is related to bandwidth by the approximate
relation:

BW 0.44/t; = 0.44/1.1 ns = 400 MHz
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2.1.21 (Continued):

This is the bandwidth of 100 meters. If the bandwidth scaled linearly with length, this would be a
40 MHz-km fiber. However, the manufacturer measured modal dispersion for a one kilometer
length and may have obtained a 100 MHz-km bandwidth. This corresponds to 1000 MHz for
100 meters. The reason for the difference is that dispersion is linear with length only up to a
certain point called the coupling length, |, and beyond that dispersion varies approximately with
the square root of length. The coupling length differs with type of fiber. It can vary from a few
meters for step-index core fibers to hundreds of meters for some graded-index core fiber. In
summary, to avoid pitfalls associated with manufacturer's specified bandwidth, it is preferable to
specify total dispersion for a length not exceeding the maximum in the system.

Although not apparently a large factor, dispersion can have a critical effect on overall system
performance, especially in a worst case situation. This is because the total dispersion of typical
multimode fibers is of the same order of magnitude as the minimum rise and fall times of high-
radiance LEDs and the step response of high sensitivity receivers in data buses with link lengths
near the maximum. A good approximation to the rise time (or fall time) of a signal at the analog
output of a receiver is:

At = 1.1 J(Atf)z (A% + (AL)°

where t; is the rise (fall) time of the transmitter optical output and t; is the step response of the
receiver. If the receiver output waveform is badly distorted due to the finite response time of all
the link components, the intersymbol interference will be too great to achieve the desired
measure of performance, usually specified by bit error rate. For example, if a 100 Mbaud data
bus has a transmitter with a 3 ns rise and fall time optical output, a 2 hs modal dispersion, and a
high sensitivity band-limited receiver step response of 4 ns, the actual rise time of the receiver's
output will be 6.0 ns. With a minimum signaling bit time of 10 ns, there may be a considerable
amount of intersymbol interference even without pulse width distortion. By making the modal
dispersion negligible, the receiver output is improved to 5.5 ns.

Bending Losses - The loss in a fiber due to bending can be subdivided into microbending and
macrobending loss components. The cabling and jacketing process is responsible for increasing
microbending loss, but can be controlled through careful design. Microbends can be thought of
as continuous, minute changes in the radius of curvature of the fiber axis as shown in
exaggerated formin Figure 2.1.2.1-1(a). The loss results from the coupling of energy between
the guided modes and leaky or unguided modes of the fiber. A large diameter fiber of given
numerical aperture resists microbending better than a small one. The aspect ratio of the fiber
(the ratio of core to cladding diameter) should be kept small to resist microbending loss unless
large numerical apertures (NAs) are involved. But the use of high NA fiber may be precluded due
to accompanying high modal dispersion. Aspect ratios less than 70% are recommended.
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FIGURE 2.1.2.1-1(a) - Microbends in Loose-Tube Constructed Cables
2.1.2.1 (Continued):

Another way to minimize microbending loss is to extrude a compressible jacket over the fiber as
shown in Figure 2.1.2.1-1(b). External forces deform the jacket, but the fiber remains relatively
straight. It has been shown that the loss of a jacketed fiber can be reduced from that of an
unjacketed fiber by a factor given by the following equation:

4 g2
F:{1+TEA2b_—f}
a E

]
where A = index of refraction difference between core (on axis) and cladding, b = cladding radius,
a = core radius, and E¢ and E; are the Young's modulus of the fiber and jacket material. Typical
values are E; = 64 GPa (glass) and E; = 58 MPa (Hytrel 4056). For a 100/140 micrometer core/
cladding ratio fiber with A = 0.01, F = 0.18 implying that microbending loss can be reduced to
18% of the original value just by properly jacketing the bare fiber. Note that as the aspect ratio
(a/b) increases, the factor F increases. A 200/230 micrometer core/cladding ratio fiber with
identical properties has F = 0.4.

Bends with radii large compared to the fiber diameter cause loss increases also. This is the
macrobending loss. Slight bends of the cable have so little excess loss that it is unobservable.
As the bend tightens, the loss increases exponentially until a critical radius of curvature is
reached and the losses become large. The loss occurs because energy in the higher modes is
coupled out of the fiber core along the curved fiber thus reducing the total energy available at the
fiber output. An expression for the number of modes which are guided by a curved graded-index
fiber with fiber radius a is

213
N =N 1—‘“2_[2_a+ 3 }
=" "20a LR 2nkR
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2.1.2.1 (Continued):

where a defines the fiber index of refraction profile (a = 2 typically for graded-index fiber; a = « for
step index fiber), A = index of refraction difference between the core (on axis) and cladding, n, is
the cladding index of refraction, k is the wavenumber, R is the radius of curvature of the bent
fiber, and:

N, = (afa+2) (nska)’A
is the total number of modes in a straight fiber, where n, is the core index of refraction. At 850

nm wavelength and a = 2, k = 7.4 X 10®m™!. Choose n, = 1.47, n, = 1.46, A=0.01, a= 50
micrometers. N_, = 2860 and

External Force

oy o

Compressible Jacket

FIGURE 2.1.2.1-1(b) - Microbending Reduced
with a Compressible Buffer Jacket Material

This expression is plotted in Figure 2.1.2.1-2 for values of a = 50 and 100 micrometers, where R
isin centimeters. For a = 50, half of the modes are lost at R = 2.0 cm and there is no energy left
at R = 1.0 cm. Since the energy is not distributed uniformly among all the modes, loss of the
higher-order half of the modes does not represent loss of half of the energy. Nevertheless, at R
= 2.0 cm, one can expect a measurable increase in loss which rapidly increases as R decreases.
In practice microbending loss from mode coupling actually keeps macrobending loss under
control, and R has to be decreased past the elastic limit of the glass (it has to break) for all the
light to be atftenuated.
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FIGURE 2.1.2.1-2 - Guided Mode Ratio as a Function of Bend Radius, R
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2.1.21 (Continued):

In this example, the same effects are observed at about double the radius of curvature for a fiber
with twice the core size. Although this result supports an argument favoring smaller fibers, it is
important to keep in mind that the overall jacketed fiber (the cable) must have a minimum bend
radius to preserve the mechanical integrity of its structure and that should be at least 10 times the
radius of the cable. Also the theoretical result above is exceedingly pessimistic. Its value is in
the knowledge that bending the cable does increase the attenuation, and that minimum bend
radii for fiber-optic cables must be observed. This requires training in the manufacturing and
installation world which is accustomed to folding copper wire as tightly as required despite the
fact that there are minimum bend radii specified for it also. Actually, fiber-optic cable is less
susceptible to folding and bending problems than is coaxial cable. It simply will have to be
handled more carefully. A passive solution may be to make the fiber-optic cable so stiff that it
cannot be bent beyond a minimum radius. Most agree that that is a drastic solution. A
meaningful specification for minimum bend radius must be established based on experimental
results.

Static Fatigue - Strength and static fatigue are the two basic mechanical characteristics of glass
optical fiber. Strength specifies the failure level of a fiber under an applied load; static fatigue
deals with the slow growth of preexisting flaws in the fiber under humidity conditions and tensile
stress. The concern is that a fiber may fail before its 20 to 30 year required lifetime is reached
due to static fatigue.

Gradual flaw growth causes the fiber to fail at a lower stress level than that which would be
reached under a strength test. A flaw propagates through the fiber because of chemical erosion
of the fiber material at the flaw tip. The primary cause of this erosion is the presence of water in
the environment which reduces the strength of the SiO, bonds in the glass. The speed of the
growth reaction is increased when the fiber is put under stress. However, based on experimental
investigations, it is generally believed (but not yet fully substantiated) that static fatigue does not
occur if the stress level is less than approximately 20% of the inert strength (in a dry
environment, such as a vacuum). Certain fiber materials are more resistant to static fatigue than
others, with fused silica being the most resistant of the glasses. In general, coatings which are
immediately applied to the fiber during the manufacturing process afford a good degree of
protection. All fibers currently available for avionics applications have polymeric coatings on the
fiber. These are permeable to water vapor and therefore do not afford the optimum protection
against static fatigue. The ideal coating is a thin (0.03 nanometer) dielectric which hermetically
protects the fiber. A metallic coating provides the needed hermeticity, but it also makes the fiber
an electrical conductor and antenna defeating one of the benefits fiber-optic technology offers.
Some dielectric coating materials being considered are Si;N,4, SION, SiC, and SnO. Other
techniques for reducing flaws which contribute to static fatigue such as improving preform
preparation, and modifying furnaces and draw conditions are also being funded.
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2.1.21 (Continued):

High Temperature Operation - There is no practical limit to the highest temperature which an
optical fiber can be exposed and still provide service. Glass has a higher softening point
temperature than the melting point of copper. But the optical fiber cannot survive in the real
world without suitable jacketing for mechanical protection, and the jacket materials have well
defined temperature limitations. The characteristics of an ideal outer jacket include adequate
abrasion and cutting resistance, dimensional stability, freedom from kinking in flex (which causes
excessively high losses), flame retardancy, and operational suitability over a wide operating
temperature range. Several materials come close to meeting these requirements and have been
used for jacketing cables in the past. Below is a list of a few of the higher performance outer
jacket materials and their properties. Teflon and cross-linked Tefzel allow the fiber to be used
continuously over a temperature range of -65 °C to +200 °C. A principal supplier of this fiber
forbids the reproduction of the specifications and drawings for his high temperature fiber-optic
cables. Data obtained from advertisement for it states its weight at 3.7 pounds per thousand feet
and a survival life of 4000 hours at 200 °C continuous. It is a "loose-tube” constructed cable, a
type which is usually used for long distance applications where attenuation is a major concern.
Tight tube construction is generally preferred for applications in which high mechanical integrity is
more important than low attenuation. These various outer jacket materials for fiber-optic cables
and their characteristics are:

Kynar® A tough (abrasion and cut-through resistant), thermally stable

(polyvinylidene and self-extinguishing material. It has low smoke emission and

fluoride) is resistant to most chemicals. Its inherent stiffness limits its
use as jacket material. It has been approved for low-smoke
applications.

Teflon® FEP Specified in fire alarm signal system cables. It will not emit

smoke even when exposed to direct flame, is suitable for use at
continuous temperatures of 200 °C, and is chemically inert.

Tefzel® Like Teflon FEP, it is a fluorocarbon and has many of its
properties. Rated for 150 °C, it is a tough, self-extinguishing
material.

Irradiated Cross-Linked  Rated 150 °C operation. Cross-linking changes thermoplastic

Polyolefin (XLPE) polyethylene to a thermosetting material with greater resistance
to environmental-stress cracking, cut-through, ozone, solvents
and soldering than either low or high density polyethylene.

Zero Halogen A thermoplastic material with excellent flame retardancy

Thermoplastic properties. Does not emit toxic furmes when it burns. Originally
designed for shipboard fiber-optic applications, it can be used
for any enclosed environment.

Kynar is a registered trademark of Pennwalt, Inc.
Teflon and Tefzel are registered trademarks of E.I. DuPont de Numours & Company.
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2.1.2.2 Optical Connectors: A variety of fiber-optic connector styles are usually required to fulfill all data
bus and network applications on aircraft and spacecraft. The use of line replaceable modules
{(LRMs) forces the use of individual contacts to provide the backplane interface up to about 8
single channels. Beyond that, too much space is occupied by the single channel contacts, and
some form of multichannel single interface, such as an imaging connector, better serves the
needs of the module. At rack connections, either single-channel connectors or a multicontact
single-connector-shell interface looks best depending on the total number of modules served by
the rack. At stand-alone LRUs (WRAs) with mainly input and output channels, one or more
multichannel imaging connectors are particularly attractive. Their higher loss per channel (at the
present time) limits the number which can exist along any one path from transmitter to receiver.
The limitation is relaxed, however, in data buses incorporating active star couplers or in point-to-
point links.

Finally, bulkhead disconnects may be required at certain penetration boundaries especially
where a pressure difference exists. All of the connector approaches mentioned above are
candidates here depending on the system power budget. Therefore, we limit the connector
discussion which follows to single-channel contact technology for single and multiple-channel
connector shells, and multichannel interfaces with a common optical aperture.

Characteristics - The single most important connector characteristics for all applications is its
insertion loss. Repeatability of the loss over time with and without remating is also important.
Since connector loss is a major system design driver, it is always the case that the lower the loss,
the better. So the question becomes, how low is low, and how low is low enough? Then one
must ask how the losses will be kept low.

The connector loss picture is not as bleak as it is sometimes painted. Single-channel connectors
with losses consistently below 1 dB for hundreds of matings and repeatability on the 0.1 dB
range are now available from multiple suppliers. Also consider that a situation in which a group of
concatenated connectors in a transmitter to receiver path all have high losses simultaneously is
not reasonable, especially when consistency in connector performance is taken into account.
Once the connection is made, dirt and other foreign objects will be virtually unable to enter the
connector space in any reasonable design.

There are connector terminii designs now being fielded which use lenses and still retain small
diameters. They have the advantage of being much less sensitive to small obstructions in the
space between connector halves because of their relatively large optical cross-sectional area.
This property offers an advantage over connector terminii in which the ends of the fibers face

each other directly with a small air gap between them.
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2.1.2.2 (Continued):

A final consideration is the size of the optical fiber accommodated by the connector terminus or
contact. Because of the lack of firm standards, connector design must be flexible enough to
handle several sizes. The defacto standard avionics fiber has a 100/140 micrometer core/
cladding ratio and most connectors for avionics-like applications are designed with that fiber in
mind. There are efforts underway to promulgate other standards. Specifically, the
telecommunications industry is now competing for the military and space market and believes
their 125 micrometer cladding standard is best. Unfortunately there are several core sizes
competing for survival inside of 125 micrometer claddings and all are smaller than desired to get
the most power out of multimode optical sources. At the other extreme, designers of the data
buses incorporating passive star-coupled topologies truly need all the power possible and rmany
support the use of 200 micrometer core fibers. A standard cladding dimension, which is
important to the connector manufacturer, has not yet been established for this core size; nearly
every fiber maker has a unique cladding diameter. Until that issue is resolved, the prospects for
connectors for this fiber are much lower than they ought to be.

The remainder of this section presents examples and characteristics of connectors and contacts
(terminii) being developed or considered for avionics and space applications.

Single-Channel Connectors - Here, a single-channel connector refers to a terminus for an optical
fiber and the connector shell which houses it. The shell provides the apparatus to mount it on a
cabinet panel or "splice" it to another connector half with the addition of an adapter. The best
known example of this connector type is the so-called "SMA-style" because of its resemblance to
the RF SMA connector. Actually, the only part in common is the coupling nut which characterizes
the overall diameter.

This connector has been available in various versions from different suppliers for 10 or more
years and has been refined about as much as it can. By modifying it with a better alignment
sleeve (for connector-to-connector interfaces), and providing a coupling nut with holes for safety
wire, this connector found its way onto the Navy/Marines AV-8B Harrier Il, the first production
military aircraft to incorporate fiber-optic interconnections. It is not a low-loss connector, having a
typical loss of 1.0 to 1.5 dB. Although it works well in the specific application, it is not a state-of-
the-art connector and would not be used in a new aircraft design. Today, connectors with a
typical loss of 0.5 dB and a maximum loss of less than 1 dB are available at lower cost than that
of the SMA connector. The prototype for the modern single-channel connector is the AT&T "ST"
style. It is now available from numerous suppliers with essentially identical specifications. The
key to its higher performance (low loss and high repeatability) is the use of a ceramic tube rather
than a metal one to contain the optical fiber and provide the reference (outside) surface for
alignment. The performance improvement results fromthe high precision achieved in placing the
hole for the fiber in the true center of the ferrule and because the sleeve which aligns two ferrules
in an adapter is designed in such a way that its cross-section remains circular when the
cylindrical ferrules are inserted. Keying the connector shell assures repeatability from mating to
mating.
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2.1.2.2 (Continued):

The suitability of this connector for aerospace applications from the standpoint of environmental
and mechanical stress has yet to be established. As it stands today, it is an excellent laboratory
connector and will now and forever displace the SMA-style for that purpose. All indications
suggest that the ceramic ferrule is entirely suitable for military aircraft and space applications
having better dimensional stability and a much closer material match with glass optical fibers.
Another property which appears to put ceramics at a disadvantage actually helps. The ceramic
material is brittle compared to steel. Thus a large deflection force on the ferrule will cause steel
to bend while the same force breaks ceramic. Since a bent steel ferrule is not repairable and
obviously more difficult to diagnose as a culprit, the ceramic ferrule approach offers a true
maintainability advantage in avionics use. With a slightly different coupling ring or nut, this
connhector could meet requirements imposed by aircraft and spacecraft launch-vibration levels. A
version of this is now available. Its suitability for the avionics environment is unknown; any tests
which may have been conducted have not yet been made generally available.

Single-Channel Contacts - The term single-channel contact or terminus refers to the structure
which supports an optical fiber at its end and is designed to be incorporated into a connector
housing more than one terminus. An example is a fiber-optic contact which can be retained by
the insert of a standard multichannel electrical connector shell. The best known type is described
by the MIL-C-38999 specification for military avionics. A similar (or the same) type of contact is
desired for the backplane connector for the Standard Electronics Module. Several connector
manufacturers are currently designing and fabricating fiber-optic contacts which are intended to
be an integral part of the electrical connector for that application.

For years there has been a demand for a small fiber-optic contact which could be interchanged
with an electrical contact in a standard military connector. For obvious reasons, the MIL-C-38999
connector was targeted from the beginning. Primarily due to the stimulus provided by the aircraft
industry, a number of manufacturers began developing size 16 or smaller contacts for MIL-C-
38999 connectors. A number of products resulted and have been evaluated for avionics
applications. Testing of each supplier's product is still required for full qualification.

One of the most interesting of the new single-channel contact concepts is based on the lensed-
connector method and is called "fiber-lens” by its manufacturer, ITT/Cannon. It uses an epoxy
preform within the contact to hold the fiber in place rather than an externally-introduced liquid
epoxy. Additional support is provided by crimping, thus the assembly process is simpler than that
of many other connectors. Its unique feature is the way a lens is formed at the end of the fiber.
Rather than using a discrete or graded-index lens, a spherical lens is formed from the end of the
fiber itself. This method was demonstrated many years ago, but is only showing up now as a
product. The difficulty in producability comes from the need for a special instrument, the "fiber-
lens fuser," to form the lens.
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2.1.2.2 (Continued):

Another single-channel contact system which is attractive because of the easy termination
process is produced by Raychem and requires no polishing, epoxy, lenses, or liquids. Itis
currently made a nonstandard size but the same contact can be used as a single-channel
connector with its own coupling nut or as a component of that manufacturer's own multichannel
connector designs. Its losses are not claimed to be as low as those using ceramic ferrules, and it
differs fromthe "fiber-lens" concept above in that a mated pair of contacts have fiber ends looking
at each other through a small air gap much like the SMA style connector.

Multichannel Connectors - Multichannel fiber-optic interfaces are required in some systems. A
modification to some existing single-channel connector concept, or a contact set designed for
use with a multichannel connector housing, is the approach being most actively pursued by
connector manufacturers. Circular connector shells (such as MIL-C-38999 - style) and
rectangular housings for SEM-E line replaceable modules are the chief targets for the fiber-optic
contacts. There are at least five manufacturers currently developing an LRM-type connector with
a fiber-optic insert to take contacts of their own making or those of another vendor.

There is yet another class of multichannel fiber-optic connector to be considered for avionics
applications: one which is a dedicated optical interface (fiber-optics only) and has multiple
channels which are integral and nonseparable from its housing. Two examples are worth
mentioning. The first, from AT&T, takes a large number of optical fibers and places themin a
precision one-dimensional array. Two arrays are then butted fiber-to-fiber to create a connection
for as many channels as there are fibers in each array. The advantage of this approach is that a
large number of fibers can have a demountable interface in a space which is small compared to
what would be required if individual contacts like those described above were used. The
disadvantage is that the faces of the fiber arrays are placed in contact to keep losses minimized,
and in a high vibration environment, the mating halves of the connector are vulnerable to rapid
wear. There are also undesirable alignment and contamination sensitivities which single-channel
butted connectors and contacts have. It seems to be most suitable as a permanent splicing
concept for multiple channels.

Figure 2.1.2.2-1 shows a two-dimensional array implementation of the above concept. The
second class of multichannel single aperture connector is a variation on that shown in the figure,
but is carried out in such a way that it is much more tolerant of the environment and attractive for
avionics. In the simplest terms, the two butted two-dimensional arrays shown in Figure 2.1.2.2-1
are first separated by a relatively large distance (the spacing is greater than the diagonal
measure of the array). Then the space between the arrays filled with a symmetrical optical relay
(a lens) so that one array (the object) is mapped onto the other (the image). If the lens is made of
at least two components and is split in half, and each half is permanently associated with its array
and put to a suitable housing and a connector mated pair is formed. This connector concept has
proven to have significant environmental advantages over many other approaches and has very
high channel density. It is currently being developed by the Harris Corporation and has been
built in bulkhead versions with up to 84 channels in a 1 inch diameter shell, and with 12 channels
in a 0.58 inch wide housing for use on single-width, 3/4-ATR, SEM-E line replaceable modules.
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FIGURE 2.1.2.2-1 - A Demountable, Butted, Array Pair

2.1.2.3 Fiber-Optic Cable Segments Fabrication and Installation: Once a fiber-optic cable and
connector are selected based on their apparent suitability, the two components must be joined
and the utility of the resulting cable segment or segments must be determined. This is done ina
mechanical and environmental testing program with emphasis on the cable to connector joint,
and the properties of connector-to-connector, and connector-to-source and sink interfaces. After
acceptability on the basis of laboratory testing, it can be introduced into the development and
production programs. There are two facets which must be addressed: its fabrication and its
installation. Fabrication deals with the process of putting a connector or contact onto a fiber and
cable; installation with putting the cable segments onto the platform. Itis important that both be
considered as early in a program as possible to ensure a smooth transition of the technology into
production. Some of the early issues for each are discussed here.

Fabrication - Factors to consider in the evaluation of concepts for attaching connectors to cables
include the initial difficulty, the slope of the learning curve, the yield, the cost of the components
and capital equipment to perform the fabrication steps, including checkout, and the potential of
the system for easy field maintenance. In this paragraph, a description of some of the standard
and newer termination procedures is given which will guide the reader in making knowledgeable
decisions about the best fabrication procedure for their application. The factors mentioned
should be kept in mind to assure a best technical approach over the life cycle of the installation.
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2.1.2.3 (Continued):

The processes used today to terminate fiber-optic cables can be subdivided into those which
require polishing of the fiber end, and those which do not. The latter group is further divided into
simple cleave, and specially processed terminations such as the new "fiber-lens" method
described. Another distinction can be made about the way the fiber, its jacketing, and the cable's
strength member are retained in the contact or ferrule. In almost all cases, a crimp is used with
or without an adhesive, usually epoxy, to retain the strength members. Some form of epoxy is
also used to hold the fiber to the ferrule. Two variations are found here; either a liquid, which is
injected into the contact during fabrication, is used or the contact is supplied with an integral
adhesive preform. In both cases, some sort of oven is required to cure the epoxy, or melt-then-
cure the preform. Some manufacturers consider their preform approach to be epoxyless, but it
really only means the steps required to prepare and administer a two-patrt adhesive are
eliminated. Itis obviously more convenient, but not all of the steps associated with epoxy use are
omitted in this process.

Thus, the two ways of subdividing contact types leads to the common names associated with
termination processes such as "pot (epoxy) and polish," or "cleave and ctimp." In general, there
has been a decided trend away from the epoxied and polished ferrule for the simple reason that
combination of processes is the most labor intensive. Nevertheless, for avionics and spacecraft
applications, it still remains as the most reliable and lowest risk approach, primarily because of
the experience base. As time goes on, it will surely be supplanted by faster and cheaper
methods without sacrificing reliability. Selected termination procedures are summarized in Table
2.1.2.3-1. This is only a representative list of popular methods; there are others, and other
suppliers of products which are interchangeable or intermateable with those listed in the table.
Based on experience in the termination process gained by many, it is difficult to determine a best
way from written instructions. Hands-on experience is essential to determine which method best
meets the needs of each user. For avionics applications, it has already been well established
that the fabrication process for fiber-optics is no more difficult than that for coaxial cable, the
learning curve is steeper (fabricators learn faster), and the yield is higher (as long as production
shortcuts are not taken). Newer processes are likely to be competitive with single-conductor wire
termination performance.

As more extensive use of fiber-optics begins in avionic and spaceborne systems, further
advantages will be found because nearly all applications can be served by one fiber-optic cable
and a few connector types.
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TABLE 2.1.2.3-1 - Selected Termination Procedures for Fiber Optic Connectors

Epoxy/Crimp/Preform
Polish/ Jacket.
Representative Cleave/ Strength
Kind Supplier Product Name| Special | Members Fiber
Single Channel |Amphenol 905, 906 P E,C E
IConnector (Metal) (SMA)
Amphenot 905, 906 P E,C E
(Ceramic) {SMART)
AMP, Inc. Optimate 2.5 P E,C E
(Ceramic) mm bayonet
AT&T, Inc. ST P E,C E
(Ceramic) (P2020A-C)
Single Channel [Raychem PELL C EC P
Connectoror  |(Metal) (SSMA)
Contact
Single Channel |ITT/Cannon Size 16 for P E E
Contacts (Metal) MIL-C-38999
Series 1 & I
ITT/Cannon "Fiber-lens” C&S C P
(Ceramic Tip) |Size 16
2.1.2.3 (Continued):

Installation - After a cable segment is fabricated and its continuity verified with an optical power
meter, it is ready for integration with other fiber-optic cable segments and conventional wire into
harnesses which will then be installed in the spacecraft. At this stage of the process, it is only
necessary that the fiber-optic cable segments be rugged enough to survive handling during the
storing, lay-up, harnessing, overbraiding (if applicable), more storing, and delivery to the
installation site. This may be a greater challenge than it seems at first.

Throughout this process, the contacts and connectors must be adequately protected by covering
the vulnerable optical fiber end or lens surface. Both the cable and connector as components
are durable. The weak link is where the cable meets the connector in the segment. Attention to
this region of the cable is essential.

During design, care must be taken to ensure that both wire and fiber-optic cables are routed in
such a way that they receive reasonable protection from personnel who might step on cables
during installation; from debris which is created during fabrication; from any objects which might
move during operations (actuators, cables); from wear due to the effects of vibration on the
harness or cable outer jacket where it contacts structure; and from any gases or fluids which
either belong where they are, or show up where they do not.
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